[1] The baroclinic response of tide and tidal currents in the Yellow and East China Seas is investigated using a two-layer numerical model. Seasonal variability in the M 2 tide, especially the smaller summer amplitudes prevailing along the Korea/Tsushima Strait [Kang et al., 1995] , is investigated by a series of numerical experiments with varying degrees of stratification specific to winter and summer. Model results show that the summer amplitudes of the M 2 tide around the southwestern tip of the Korean peninsula and Korea/Tsusima Strait decrease, with a peak decrease of about 14 cm off the southwestern tip of the Korean peninsula, while the summer amplitudes in other coastal regions tend to increase. This seasonal variability generally coincides with the observations. These models results indicate that seasonal stratification has several noticeable effects on the tides, including varying degrees of current shear, varying frictional dissipation, and varying barotropic energy flux. In particular, it drives complicated seasonal variability in the M 2 tide, with a peak amplitude modulation of nearly 5% off the southwestern tip of the Korean peninsula. The seasonal variation of barotropic M 2 energy flux through the eastern entrance of the Yellow Sea is thought to induce the corresponding variability in the M 2 amplitude in the Korea/Tsusima Strait, with smaller amplitudes found in the summer.
Introduction
[2] Comprehensive studies on the tide and tidal currents in the Yellow and East China Seas (YECS) have been carried out by Ogura [1933] . He produced cotidal and corange charts in these seas based upon a large number of tidal measurements [see also Defant, 1960] . The tide or tidal current data used in these charts are not usually classified according to the seasons, even though seasonal baroclinic effects may exist. The tidal charts are generally believed to describe the barotropic tide. However, coamplitude lines may be significantly distorted or have large irregularities due to strong baroclinic effects, as revealed by TOPEX/Poseidon satellite observations [Ray and Mitchum, 1996] and numerical modeling [Kang et al., 2000] .
[3] Tides in the YECS are very complex with many amphidromic systems and a large tidal range in Kyunggi Bay (Figure 1 ). Therefore they have been the subject of frequent numerical and analytical modeling studies. Various numerical experiments have been carried out to investigate tides in the YECS, using both two and three-dimensional finite difference Choi, 1980; Kang et al., 1991 Kang et al., , 1998 Kantha et al., 1996; Lee and Beardsley, 1999] and finite element [Lefevre et al., 2000] models. However, most studies focused on barotropic features using the two-dimensional models, and even the three-dimensional studies were generally carried out with homogenous density. An exception is the study by Lee and Beardsley [1999] , who investigated the residual circulation under both homogenous conditions and schematic stratified conditions arising from the complex water mass characteristics in the YECS. These main water massses are the Yellow Sea Bottom cold water, the saline water of Kuroshio origin (often called Tsusima Warm Current water) flowing into East/Japan Sea through the South Sea of Korea [Lie and Cho, 1994] , and several Chinese and Korean coastal waters.
[4] Even though the water masses in the YECS are complicated horizontally, their representative feature is that they are strongly stratified in summer and become homogenous or well mixed in most shelf regions in the winter. In the southern Yellow Sea, the stratification is strongly determined by the Yangtze River discharge and the Tsusima Warm Current flowing through Korea/Tsusima Strait, with a detouring branch around the Cheju Island . This seasonal pattern allows us to schematize roughly water mass features as partly stratified, strongly stratified, and well mixed, as the seasons vary from spring to winter, respectively. Consequently, baroclinic tidal features can be investigated using a two-layer model with varying stratification determined by the upper layer thickness and the density difference between the layers.
[5] Actually, we expect that current shear appears in a two-layer schematization through the following process. Assuming that the phase of the interfacial disturbance has a linear relation with the surface tide, the surface barotropic tide induces an interfacial slope between the layers since there is a horizontal gradient of surface cotidal lines. Another mechanism inducing interfacial slope may be internal tide generation. These tides arise under specific depth gradient and stratifiation conditions. Many researchers have investigated internal tide generation using numerical models [e.g. Holloway, 1996; Cummins and Oey, 1997; Kang et al., 2000] . The gradient of interfacial slope arising from the above processes will raise the current shear between layers in terms of the thermal wind relation.
[6] Kang et al. [1995] showed that M 2 tidal harmonics in the Korea/Tsusima Strait have strong seasonal variability with large amplitudes in winter and smaller amplitudes in summer. They suggested that the seasonal variability of the M 2 tides might be related to frictional damping and advection effects induced by the mean current. Their discussion was restricted to quantitative analysis for the seasonally different damping coefficients. Foreman et al. [1995] showed seasonal variability in the M 2 harmonics at Victoria, Canada, and suggested that seasonal changes in the background stratification and/or estuarine flow might be the underlying cause. However, no modeling or analytic studies were (or have subsequently been) carried out to confirm or refute this hypothesis.
[7] In this paper the baroclinic features and seasonal variations in the M 2 tides and tidal currents in the YECS are examined using a two-layer numerical model and the same grid system used in the barotropic tide study by Kang et al. [1998] . Computed current shears for strongly stratified summer conditions are compared with observed current data and spatial patterns of current shear are discussed. To our knowledge, numerical modeling of M 2 amplitude variability has seldom been studied before and especially not in the YECS. Present study results strongly suggest that large seasonal variations in the M 2 harmonics, especially in the Korea/Tsusima Strait [Kang et al., 1995] , are driven by the seasonally different stratification. This study will investigate how this stratification change induces seasonally varying current shear, different bottom frictional dissipation, seasonally varying barotropic energy flux through the entrance section of the Yellow Sea, and eventually, a seasonal variability in the M 2 amplitude.
[8] Since the major axis of tidal currents along the continental slope of the East China Sea is directed across the isobaths of Okinawa Trough (Figure 1 ), internal tide generation is expected to occur in the shelf slope. However, our grid resolution is not sufficiently fine to resolve an internal tide with wavelength of about several tens of kilometers and therefore the intensity of this generation might be weakened or distorted with the present grid resolution. Also, since we think that in relation to seasonal tidal variability many related physical processes take place in water shallower than 200 m, no effort was made to examine the generation of internal tides along the shelf slope and shelf break of the YECS. In other words our study is mainly focused on baroclinic effects arising from large-scale horizontal gradients of the interfacial slope associated with surface barotropic tide propagation. Hence surface elevation changes by the surface manifestation of internal tides [Ray and Mitchum, 1996; Kang et al., 2000; Cummins et al., 2001] are not examined properly in the present study.
A Two-Layer Model

Model Formulation
[9] Two-layer, stratified, nearly horizontal flow is considered according to the definition sketch shown in Figure 2 . The governing equations for two-layer flow are described using a spherical polar coordinate system. For two-layered flow the usual depthaveraged two-dimensional equations for shallow water waves can be alternatively represented in terms of layer-integrated velocities for each layer. Advection terms are not included since they are mainly related to generation of higher harmonics, while the present objective is to examine the baroclinic response of M 2 tides to seasonally different stratification conditions. The momentum and continuity equations for the upper and lower layers are as follows:
Upper layer
Lower layer
where c is longitude, j is latitude, Z b is bottom topography (Figure 2 ), h 0 (=H 0 + h 0 ) is total water depth of the lower layer, KANG ET AL.: TWO-LAYER MODELING OF THE M 2 TIDAL VARIABILITY h 1 (=H 1 + h 1 ) is total water depth of the upper layer, Áz = 0.5
is mass flux of the upper (lower) layer in c; V 1 (V 0 ) is mass flux of the upper (lower) layer in f; R is radius of the Earth, l = r 1 /r 2 , K b is the bottom friction coefficient, K i is the interfacial shear stress coefficient, and g is gravity acceleration. H 0 , h 0 , H 1 , and h 1 are the mean thickness of lower layer, the interface disturbance of lower layer, the mean thickness of upper layer, and the surface disturbance of upper layer, respectively.
[10] The full set of equations is discretized with a time-and space-centered scheme [Kang et al., 2000] and is solved using an alternating direction implicit (ADI) method. It can be said that the equations are solved with an extension of the one-dimensional two-layer modeling scheme [Hodgins, 1979] and a depth-averaged 2-dimensional modeling method [Abbott et al., 1981; Kang et al., 1998 ] [see Kang et al., 2000, Appendix A] . The continuity and momentum equations for the upper and lower layers are solved simultaneously in the c coordinate, and then continuity and f direction momentum equations are solved in the f coordinates, with dynamical linking and without resorting to a separation of variables or modes [Serpettte and Maze, 1989] .
[11] The bottom friction term for the lower layer has been expressed in a quadratic friction form, following the general applicability of the quadratic friction law to the semidiurnal tide modeling [e.g., Pingree and Griffiths, 1987] . A square law formulation [Bertelsen and Warren, 1973] is used for the stress at the interface. A linear interfacial formulation, instead of the square law, was also found to work reasonably well for the exchange flow tests done in previous works [e.g, Hodgins, 1979] and internal tide modeling [Kang et al., 2000] , but the present quadratic form was found to show similar results and is preferable because it takes a more general form.
Computation and Experiments
[12] The initial and boundary conditions required for the solution of (1) -(6) are described as follows. At t = 0 the values of h 0 = h 1 = U 0,1 (c, f, t) = V 0,1 (c, f, t) = 0 are specified at all points. The initial thickness of the upper layer was set to H 1 = 3.5, 8, 15, 17, and 20 m, according to different experiments. The shallow region, where water depth is less than the initial upper layer thickness, was treated as one upper layer, with a thin lower layer defined to retain the solution algorithm for a two-layer flow. This is the usual way to treat shallow regions in layered models.
[13] The specified boundary conditions are the same as for the barotropic model of Kang et al. [1998] . The M 2 open boundary elevations are prescribed as
where A is the tidal amplitude and G is the phase lag of the M 2 tide. The boundary elevation was defined as a variation of the interfacial surface while keeping the thickness of upper layer constant. The propagation speed of a surface gravity wave is about 100 times faster than the internal wave speed, Thus the response of interfacial motion to a barotropic tidal wave travelling over the shelf region can also be investigated. This idea has worked successfully when modeling generation of the internal tide along the Hawaiian submarine ridge [Kang et al., 2000] .
[14] The grid resolution is about 7 km, with intervals of 1/16°in latitude by 1/12°in longitude. The time step is 43.666, so that one M 2 period consists of 1024 time steps (for subsequent fast Fourier transform (FFT) analysis). The bottom friction coefficient for the M 2 experiments was chosen to be K 2 = 0.00265, in order to take into accouont mutual damping effects between various constituents. Kang et al. [1998] showed that the contribution to dissipation of the M 2 tide is about 87% from itself and about 8% from S 2 , while the remaining 5% are from other constituents. The magnitude of the interfacial stress coefficient K i for the quadratic form was chosen to be 0.017, while the interfacial coefficient for the linear form was given as K i = 0.0015, as by Hodgins [1977] and Kang et al. [2000] .
[15] The seasonal hydrographic structure in the YECS has been relatively well described recently through the East China Sea Circulation program and the Yellow Sea Observation program . Except for the shallow coastal regions, these data revealed an annual cycle of convection and stratification. The transects AA and BB in Figure 1 indicate lines along which temperature and salinity have been measured, while Figure 3 shows the vertical density structure along 35°and 36°N during winter and summer. In winter the density structure in most of the model region is vertically homogeneous, with s t values ranging from 25.0 to 26.0. In summer these waters are well stratified with a s t range of 20.0 -26.0. the stratification is further intensified in August, with a pycnocline depth of 15 -20 m in general. During the spring and fall the stratification is relatively weak, showing increasing and decreasing trends, respectively. However, the thickness of the upper layer increases gradually from spring to fall.
[16] Using these observations, we selected input parameters for our model experiments, which are listed in Table 1 . Specifically, for the summer season we estimated the upper and lower layer densities r 1,0 to be 1021.5 and 1025.5 kg m À3 , while the upper layer thickness H 1 was selected to be 15 (RSM), 17 (RSM1), and 20 m (RSM2). A conceptual difficulty arises in schematizing these parameters for winter. We have defined winter parameters in order to keep the the structure nearly homogeneous while maintaining consistency with the summer experiments. We set the upper and lower layer densities r 1,0 to be 1021.5 and 1025.5 kg m À3 and the upper layer thickness H 1 to be 3.5 m (RWN). This thin upper thickness is justifiable as a surface layer would be maintained by solar radiation. Intermediate upper layer depths, such as 8 m, could be set for partly mixed spring or fall cases, with the upper and lower layer densities r 1,0 set as before (RSF). Continuous model runs were carried out over 7 M 2 tidal cycles, and an FFT analysis over the seventh cycle was used to calculate amplitudes and phase lags.
Results: Barotropic and Baroclinic Response to Varying Stratification
[17] the most interesting results are those for summer (RSM, RSM1, and RSM2), where the parameterization of upper layer thickness and the degree of stratification are near observations in the shelf region of YECS. Also, baroclinic effects may appear clearly in observed data at this time of the year, compared with those from other seasons. Validation of model result (RSM) revealed that it was in better agreement with the summer M 2 elevation amplitudes than the results from RSM1 and RSM2. Therefore most of the following description is focused on RSM and a comparison of summer with the winter result (RWN).
[18] The major results are described in terms of surface amplitude, tidal ellipse, and energy flux. The tidal ellipses are selectively chosen for every seven grid intervals in the latitude and longitude directions and presented only for the region where total water depth is deeper than upper layer thickness. The energy flux vector is selectively chosen for every six grid intervals.
Comparison of Surface Amplitude Between Model and Observations
[19] The comparison between model results (RWN and RSM) and the results of harmonic analyses of winter and summer Table 2a . A seasonal variation in M 2 appears to prevail through every year, as a 9 year long feature was seen in a previous study [Kang et al., 1995] . For this comparison, 5 years of data between 1987 and 1991 (except for PT (Pyungtaek)) were subject to monthly harmonic analyses similar to those done in Kang et al. [1995] . (For PT, only 1 year of data, in 1999, was available.) Averaged winter (February) and summer (August) harmonic values are shown in Table 2a . The standard deviations of the amplitudes for winter (February) and summer (August) are 0.94 and 0.26 cm, respectively, for JE (Cheju), while the mean amplitudes for February and August are 72.9 and 66.0 cm, respectively. Therefore seasonal variability is statistically significant. A similar trend exists at other stations, even though some of them have relatively larger standard deviations.
[20] Model amplitude differences (summer -winter) are plotted against observed differences in Figure 4a . Though there is some scatter in the points, 83% of the variance can be explained by a line with slope 1.27. This indicates that the model is producing the correct seasonal changes in M 2 but overestimating their magnitude by 27%. Given the simplicity of the layer approximations, we feel this is a reasonable agreement. A similar comparison was also carried out with the M 2 amplitudes computed by analysing TOPEX/Poseidon (T/P) crossover time series within the model domain (see Figure 2) . Average amplitudes for 8 years of data were computed for winter (January -March) and summer (July -September) using methods described by Foreman [1977] and Cherniawsky et al. [2001] . Seasonal amplitude differences are plotted in Figure 4b and an explicit comparison is given in Table 2b , with RMS errors in Table 3 . Though there is considerably more scatter than in Figure 4a , the best linear fit through the points gives a slope of 1.37, reasonably consistent with the result using tide gauge data. As the tide gauge values were concentrated along the western Korean coast and the T/P crossover locations are scattered more broadly over the model domain, the latter do give a better assessment of model performance. Note that the largest seasonal difference in Figure 4b arose at the T/P crossover near the mouth of the Yangtze River, while the largest differences in Figure 4a arose at stations PT, IC, and KS.
[21] RMS errors for the BTM, RWN, and RSM model runs, relative to observations, are given in Table 3 (top line). Results for RWN are slightly better than those from the barotropic model of Kang et al. [1998] (BTM), with (amplitude, phase) RMS errors being (9.7 cm, 4.5°) and (9.4 cm, 4.7°) for BTM and RWN, respectively, while large-amplitude RMS error is found in comparison of model data with T/P data (Table 3 , bottom line). However, the closeness of the values in Table 3 (top line) indicates that barotropic elevations are reasonably well simulated under the present winter condition. This is not surprising, as RWN was almost barotropic, having only a 3.5 m upper layer. In addition, this closeness also indicates that the frictional dissipation of the M 2 component by other components is relatively well represented by the increased bottom frictional coefficient of 0.00265. (The BTM runs included five constituents). On the basis of an analysis of the relative contributions to the damping terms for the major five constituents and observed data at stations I, F, D, and B, Kang et al. [1998] concluded that the contribution of the M 2 itself reaches 87% for the Yellow Sea area.
[22] The (amplitude, phase) RMS errors for (RSM) are (9.1 cm, 5.8°). Note that the amplitude error is slightly better than for RWN but worse for the phase lag. Careful inspection using coamplitude charts reveals that the M 2 amplitude for RSM are generally larger than those of RWN in inner Kyunggi Bay. It is worth noting here that an accuracy comparison of BTM with the present model experiment (RWN and RSM) may not be very meaningful since comparison points are not exactly the same between BTM and RWN or RSM. The computed M 2 tidal charts for RWN and RSM are presented in Figures 5 and 6 . The solid and dashed lines in Figures 5 and 6 denote coamplitude and cotidal lines respectively. At a first glance the tidal chart for winter (RWN) is quite similar to that for the M 2 barotropic tides computed by Kang et al. [1998] , except for some oscillations in the 50 and 60 cm coamplitude lines in the offshelf slope region.
[23] However, Figures 5 and 6 do have some subtle differences. First, the amphidromic points of Figure 5 in the Pohai (Bohai) Sea (Bay) appear less degenerate compared with those in Figure 6 . Maximum coamplitude values of Figure 6 in the western and northern ends in the Pohai Sea are equal to 90 and 100 cm but are less in Figure 5 and the barotropic model [Kang et al., 1998, Figure 3] . Also, the cophase lines of experiment RWN in the Yellow Sea lead those of experiment RSM by about 5°Furthermore, the cophase lines of experiment RSM in Table 2a and shown in Figure 1 . b The 15 sites listed in Table 2b and shown in Figure 1 (T01 -T15) . [24] Another noticeable difference appears in the location of 70, 80, 90, and 100 cm coamplitude lines around Cheju Island. During summer the 70 cm coamplitude line crossing the 0 and 11 hour cophase lines comes closer to Cheju Island, and the 80 cm coamplitude line appears in the Cheju Strait. In winter the 70 cm coamplitude line does not extend as far southward, and the 80 cm coamplitude line disappears in Cheju Strait. This means that the summer M 2 amplitudes around Cheju Island are about 10 cm smaller that those in winter. These model results generally agree well with the amplitude-decreasing pattern appearing in data analysis [Kang et al., 1995] and in the Table 2a entries near the Korea Strait. Meanwhile, the model amplitude results in Kyunggi Bay also show a reverse trend of increasing amplitude. That is, the location of the 200 -260 cm coamplitude lines in Figures 5 and 6 clearly indicates that the amplitude in inner Kyunggi Bay increases during summer by about 10 -15 cm, compared with those of winter. The pattern also indicates that the tidal amplitude has increased from the offshore region, and this trend extends to the inner coastal area. These increasing amplitudes also agree well with the observations at Inchon (IC) [Kang et al., 1995] .
KANG ET AL.: TWO-LAYER MODELING OF THE M 2 TIDAL VARIABILITY
[25] Figure 7 shows amplitude difference contours (summer amplitude -winter amplitude). Remarkably, the pattern of amplitude decrease appears only in the offshore region off the southwestern tip of the Korean peninsula around the Cheju and Korea Straits. The amplitude shows a negative (decreasing in summer season) peak value at the southwestern tip of the Korean peninsula. Generally, larger amplitudes appear along the Korea Strait in February, with the lowest value around the southwestern tip of the Korean peninsula. The tide gauge station WI is located near the observed northern limit of decreasing summer amplitude, and its difference is 1.1 cm. The northern limit in the model result is quite similar to this observed value (3.4 cm at WI). The spring experiment (RSF) indicates that some intermediate stage of change exists between winter and summer. The 70 cm coamplitude line in the central Yellow Sea now extends southeastward nearly to the 11 hour line, while the 80 cm coamplitude line does not exist in the Cheju Strait. The 2 cm coamplitude difference appears in the Cheju Strait, and the lowest value of negative 3.9 cm occurs similarly off the southwestern tip of the Korean peninsula, while an increasing amplitude pattern still prevails elsewhere along the Chinese and Korean coasts. A comparison of coamplitude lines from the RSM and RSF indicates that increasing stratification gives rise to a clearer increased amplitude contrast. This is closely related to seasonal variability in the M 2 tide [Kang et al., 1995] according to seasonally varying stratification.
[26] The above results deserve greater attention since they suggest that changes in stratification can cause surface tidal amplitude variations. Such variations have seldom been reported in other regions, with the exception of stations in the YECS and Victoria, Canada. In sections 3.2 and 3.3 we will look into this problem in more detail, through examining current ellipses and seasonally varying barotropic energy fluxes.
Tidal Current Ellipses
[27] Computed tidal current harmonics for the upper and lower layers have been compared with observations, as listed in Tables 4a  and 4b . Current data measured during summer are available at stations MS, M5, M4, and M7 [Larsen et al., 1985; Choi, 1993] . In the case of station MS, there is no moored data for the upper layer because it is <20 m. So, only lower layer data were compared with the model results. MS, M5, M4, M7 are especially good verification sites for model comparisons since a strong current shear prevails in the region. This will be seen in the following tidal ellipse figures for experiment RSM.
[28] The current shears at M5, M4, and M7 are relatively well reproduced by the model. The observed (computed) shear ratio of lower to upper velocity is about 0.74 (0.67) and 0.71 (0.72) for the u and v components, respectively, and the average observed (calculated) shear ratio is 0.73 (0.69). A similar large current shear was revealed by summer drifter observations along the western Canadian coast by Crawford et al. [1998] .
[29] The computed barotropic results of experiment RWN are also compared with data measured during winter season at sites I, F, D, B, and SB, as listed in Table 4b . Results from the barotropic model (BTM) [Kang et al., 1998 ] are also included. As expected, RWN compared well with BTM.
[30] Tidal current ellipses for the upper (u 1 , v 1 ) (thick line) and lower layer velocity (u 0 , v 0 ) (thin line) are presented in Figure 8a . The two-layer-averaged (barotropic) velocity components
are also computed for summer and winter. Two-layer-averaged (barotropic) tidal ellipses for winter and summer are shown in Figure 8b . Baroclinic features in the tidal flows can be examined in terms of differences between the upper and lower layer tidal ellipses. Figure 8a indicates that relatively large current shears exist, especially off the middle Chinese coast. In the same region the (RSM) barotropic currents are stronger than those from (RWN) (Figure 8b ). It is possible that larger current shears in summer contribute to slightly stronger barotropic currents (thick line) than in winter (thin line) (Figure 8b ).
[31] The degree of inhomogeneity in current shear between layers is quite interesting from the tidal dynamics point of view. We suspect that the reason for this strong current shear is as follows. The surface barotropic tide induces an interfacial slope between layers in the horizontal domain since there is horizontal gradient of the surface tides. (This assumes that the phase of the interfacial disturbance varies linearly with the surface tide.) The pattern of the 9, 10, 11, and 12(0) hour cotidal lines off the Yangtze River may reinforce the gradient of this interfacial disturbance, together with large-amplitude differences ranging from 80 to 140 cm. Furthermore, the 50 m isobath off the Yangtze River extends farther onto the shelf, and a larger bottom slope exists between the shallower region of 20 -50 m and the relatively deeper region of 50 -200 m, which also contributes to an increased interfacial slope. These large gradients of interfacial slope will cause a strong current shear between layers due to the thermal wind relation. In Cheju Strait, amplitude changes along the 2 hour cotidal line are $5 -10 cm. However, the amplitude difference over a similar distance off the Chinese coast is about 40 cm, with a 1 -1.2 hour phase difference. The smaller amplitude difference in Cheju Strait yields less interfacial slope than in the shelf region off the middle Chinese coast near the Yangtze River.
[32] Baroclinic effects due to the Yangtze River discharge are also expected to be important in the region. However, the present results indicate that summer stratification alone plays a dominant role in inducing large vertical current shears. This is substantiated by the relatively good agreement between the observations and model results. The strong summer stratification may be maintained or enhanced by the Yangtze River discharge.
[33] Tidal ellipse results from the present model also show changes in rotation direction from clockwise to counterclockwise occuring in both the upper and lower layers along Cheju Strait. This same feature appears in the barotropic model [Kang et al., 1998 ]. In addition, the rotation directions are almost the same between upper and lower layers but reverse at some points off the southwestern tip of the Korean peninsula, where the barotropic current also changes its rotation direction. Strong upper layer tidal currents appear off the northeastern tip of Taiwan. Some hint of the surface manifestation of an internal tide seems to appear around shelf break region, similar to that shown by Kang et al. [2000] . Careful examination showed that only near the northeastern shelf slope of Taiwan was this manifestation more that 2 cm. This implies that the seasonal variability in surface amplitude is not due to internal tides.
Energy Fluxes and Seasonal Variability
[34] The bottom dissipation for the Yellow and/or East China Seas has been calculated in several previous studies [Kantha et al., 1995; Lyard and Le Provost, 1997; Lefevre et al., 2000] , which show it to be equal to about 8% of the total global M 2 dissipation (2.4 TW). Using the dissipation expression given by Taylor [1919] and Munk [1997] , our study confirms this percentage. The M 2 bottom dissipation for experiment RWN is shown in Figure 9a , and the M 2 bottom dissipation for RSM is presented in Figure 9b . The M 2 dissipation pattern for RWN is similar to that shown by Lefevre et al. [2000] . However, the summer bottom dissipation in the Southern Yellow Sea is generally smaller than in winter. In particular, note that the 0.3 and 0.4 of W m À2 codissipation rate lines in RWN almost disappear in RSM in the shelf region off the middle Chinese coast. Weaker summer dissipation near the southwestern tip of the Korean peninsula is also worth noting. It seems that locally enhanced dissipation in summer occurs because of the local generation of internal tide, which induces several maxima in the dissipation pattern. Overall weak dissipation in RWN seems to be induced by slightly larger amplitudes along the Korean and Chinese coasts. This includes Kyunggi Bay, where amplitude increases inshore, as indicated by the location of 200 -260 cm coamplitude lines in Figures 5 and 6 .
[35] It is interesting to investigate barotropic and first-mode baroclinic energy fluxes in the model domain. Using the analyzed harmonic values of surface and interfacial disturbances, along with those for the barotropic and baroclinic currents, time-averaged barotropic energy flux J bt and baroclinic energy flux J bc were computed for the two-layer system, using the following relations [see Kang et al., 2000, Appendix B] :
u bt , v bt is the x, y amplitude of barotropic current, q ubt is the phase lag of x component of barotropic current, q vbt is the phase lag of y component of barotropic current, (h 1 , q h1 ) are the amplitude and phase lag of surface distrubance, (h 0 , q h0 ) are the amplitude and phase lag of interfacial disturbance, (u 0bc , v 0bc ) are the x, y amplitude of baroclinic current in the lower layer, and (q u0bc , q v0bc ) are the x, y phase lag of baroclinic current in the lower layer. These amplitudes and phase lags are obtained by harmonic analysis of currents and surface disturbances.
[36] Using barotropic (or depth-averaged) results, the barotropic energy flux vectors are computed and presented in Figure 10a , where the thick arrow denotes summer barotropic energy flux and the thin arrow denotes winter flux. As seen in Figure 10a , the barotropic energy propagates from the western Pacific Ocean through Ryukyu Islands to the shallow region of the YECS, with some energy passing in the South China Sea through the Taiwan Strait. Careful examination of Figure 10a also reveals that the magnitude of summer barotropic energy flux, compared with that for winter, is increased in the area northwest of sections S1 and S2, while the directions of the summer flux have turned in a northwesterly direction. Meanwhile, the magnitudes of summer barotropic energy flux, off the southwestern tip of the Korean peninsula, are noticeably decreased, compared with those for the winter. This implies that more barotropic energy flux propagates through sections S1 and S2 in summer while less barotropic energy 6 -14 flux passes through sections S3 and S4. Considering that the magnitudes of the summer and winter barotropic tidal ellipses in the same region, i.e., offshore of the southwestern tip of the Korean peninsula, are similar to each other (Figure 8b ), the barotropic energy flux decrease must therefore occur in terms of an amplitude change, as seen from Figure 8a . A more quantitative analysis will be made in the following paragraphs.
[37] Baroclinic energy flux vectors for RSM are presented in Figure 10b . Figure 10b indicates that the dominant source regions of baroclinic energy flux are the northeastern shelf slope region of Taiwan, the offshore region of the middle Chinese coast near the Yangtze River, and several local regions. In particular, the large generation of baroclinic energy off the middle Chinese coast seems to be related to a strong current shear, as was extensively discussed in section 3.2. However, baroclinic energy flux is 2 -3 orders of magnitude smaller than barotropic energy flux.
[38] In order to examine winter-summer variations the barotropic energy passing through sections S1, S2, S3, and S4 of Figure  10a was calculated for winter and summer and is listed in Table 5 . The northern region of sections S1 and S2 roughly corresponds to the area of large current shear between the upper and lower layers, while the northwestern area of sections S3 and S4 roughly corresponds to the region where amplitude decreases in summer, compared with the amplitude in winter.
[39] Table 5 shows that the total winter and summer barotropic energy fluxes passing through the sections (S1 -S4) are 98.1 and 97.3 GW, respectively. However, there is a 2.6 GW increase of energy flux over subsections S1 -S2 from winter (50.6 GW) to summer (53.2 GW). Meanwhile, there is a 3.4 GW decrease of energy flux over subsections S3 -S4 from winter (47.5 GW) to summer (44.1 GW). That is, tidal power entering the Yellow Sea through the Chinese and Korean side entrances varies by 2.6 -3.4 GW, according to whether it belongs to the western Chinese section (1 -2) or the eastern Korean section (3 -4) of the Yellow Sea. This unbalance of decreasing energy flux (3.4GW) through S3 -S4 and increasing energy flux (2.6GW) through S1 -S2 suggests that about 0.8 GW of barotropic energy flux was scattered into baroclinic energy in the southern region of sections S1 and S2, as was also hinted by baroclinic energy vector in Figure 10b .
[40] More importantly, the summer barotropic energy flux through sections S5 -S7, where the peak decreasing amplitude pattern appears in Figure 7 , decreases by 3.3GW to 24.3GW in summer from 27.6 GW in winter season. This 3.3 GW is a significant decrease, considering the section widths between S3 -S4 and S5 -S7. The summer decrease of barotropic energy flux in the eastern Korean side entrance of the Yellow Sea (section S5 -S7) is thought to arise because of the large-amplitude decrease because the barotropic tidal currents are nearly the same in the summer and winter (Figure 8b ) and the preceding discussion of Figure 8a . An artificial 12% surface amplitude decrease in RWN result over sections S5 -S7 would yield 24.2 GW, comparable to summer barotropic energy flux of 24.3 GW. It can therefore be said that the barotropic energy flux decrease around S3 -S4 and S5 -S7 induces an amplitude decrease in the region around the Korean and Cheju Straits. These results imply that the seasonal change of barotropic energy flux through the eastern entrance of the Yellow Sea, driven by different seasonal stratification, results in a seasonal change of the M 2 amplitude, especially in the Korea Strait. For the western Chinese section (S1 -S2) the summer increase in barotropic energy flux seems to arise in terms of a tidal elevation increase and a barotropic (depth-averaged) current increase ( Figure  8b) .
[41] The seasonal rearrangement of the barotropic energy flux through the eastern and western entrances to the Yellow Sea seems to result from the requirement to balance the seasonally changing intensity of baroclinicity in the shelf region off middle Chinese Increased summer flux appears off the middle Chinese coast, while decreased summer energy flux is evident near the southwestern tip off the Korean peninsula. The energy flux sum was computed in the sections of S1 -S2 and S3 -S4. Every sixth vector is shown.
6 -16 coast. The barotropic energy flux in the northern section (S8), near the entrance to Kyunggi Bay, is 19.4 GW in summer and 20.1 GW in winter. This implies that some part of amplitude change might be related to seasonal changes in the incident barotropic energy flux into the northern area of Kyunggi Bay.
Discussions and Summary
[42] The barotropic and baroclinic responses of tides and tidal currents in the YECS are investigated using a two-layer numerical model. Comparisons between available current observations and model results show reasonable agreement for the shear characteristics of tidal current, with relatively large current shears found around the shelf region off the Yangtze River. The magnitude of summer barotropic current is also slightly larger than that in winter. This is mainly due to an increased upper layer current speed.
[43] Strong current shear appears off the middle Chinese coast because the surface barotropic tide induces an interfacial slope between layers in horizontal domain. This large interfacial slope can be driven by horizontal gradients in the surface tides, assuming that the phase of the interface disturbance has a linear relationship with the surface tide. Specifically, the pattern of the 9, 10, 11, and 12(0) hour cotidal lines off the Chinese coast around the Yangtze River may reinforce the gradient of the interfacial disturbance, together with the large-amplitude differences, ranging from 80 to 140 cm. This large gradient of interfacial slope will produce strong current shear between layers, in terms of the thermal wind relationship.
[44] Seasonal variability in the M 2 tide in the YECS, especially the smaller summer amplitudes along the Korea/Tsushima Strait, which were revealed by Kang et al. [1995] , is successfully reproduced by numerical experiments with varying degrees of stratification, which are specific to winter and summer. In particular, model results also show that the summer M 2 amplitude decrease around the Korea Strait (a maximum amplitude decrease of 14 cm off the southwestern tip of the Korean peninsula) coincides with observations. The amplitude of the M 2 tide at Cheju harbor decreases by nearly 9 cm (about 10%) under summer stratification, and this compares well with the observations. Amplitude increases appear in most of other model regions, such as that revealed by Kang et al. [1995] at Inchon (IC) inside the Kyunggi Bay. A summer amplitude increase along the Chinese coast was also found by Lee [2001] and T/P data, in agreement with the model results.
[45] Whereas the summer barotropic energy flux through the western entrance of the Yellow Sea is about 2.6 GW larger than the winter flux, the summer flux through the eastern entrance decreases by 3.4 GW. The 3.3 GW summer decrease in barotropic energy flux off the southwestern tip of the Korean peninsula arises because of a large-amplitude decrease since the barotropic tidal currents in the area are nearly the same in summer and winter. Also, summer current shears induce smaller bottom dissipation and a seasonal change in bottom dissipation arising from the seasonal change of stratification. It seems that larger summer amplitudes in several coastal regions may be due to less bottom dissipation.
[46] This study reveals that seasonal stratification changes several tidal features such as the degree of current shear, the frictional dissipation, and the barotropic energy flux. Seasonal changes in the barotropic energy flux through the eastern entrance to the Yellow Sea result in corresponding seasonal variations in the M 2 tidal elevation amplitude in the Korea/Tsusima Strait, with minimum amplitudes in summer and maximum in winter. The present study also indicates that the major baroclinic dynamics on this shelf region can be represented reasonably well by a two-layer system, even though this representation is fairly schematic. Figure 2 . Unit is GW. Northward and westward fluxes are positive.
